The response of €nterococcus faecalis ATCC 19433 to salt stress has been characterized previously in complex media. In this report, it has been demonstrated that this bacterium actively accumulates the osmoprotectant glycine betaine (GB) from salt-enriched complex medium BHI. To further understand the specific effects of GB and other osmoprotective compounds in salt adaptation and salt-induced cross-tolerance to lethal challenges, a chemically defined medium lacking putative osmoprotectants was used. In this medium, bacterial growth was significantly reduced by increasing concentrations of NaCI. A t 075 M NaCI, 90% inhibition of the growth rate was observed; GB and its structural analogues restored growth to the non-saltstressed level. In contrast, proline, pipecolate and ectoine did not allow growth recovery of stressed cells. Kinetic studies showed that the uptake of betaines shows strong structural specificity and occurs through a salt-stressinducible high-affinity porter [K, = 3 3 pM; V-= 130 nmol min" (mg protein)''; the uptake activity increased 400-fold in the presence of 0.5 M NaCI]. Moreover, GB and its analogues were accumulated as non-metabolizable cytosolic osmolytes and reached intracellular levels ranging from 1.3 t o 1.5 pmol (mg protein)". In contrast to the beneficial effect of GB on the growth of salt-stressed cultures of €. faecalis, its accumulation inhibits the salt-induced cross-tolerance to a heterologous lethal challenge. Indeed, pretreatment of bacterial cells with 0 5 M NaCl induced resistance to 0.3% bile salts (survival of adapted cells increased by a factor of 6800). The presence of GB in the adaptation medium reduced the acquisition of bile salts resistance 680-fold. The synthesis of I 1 of the 13 proteins induced during salt adaptation was significantly reduced in the presence of GB. These results raise questions about the actual beneficial effect of GB in natural environments where bacteria are often subjected to various stresses.
INTRODUCTION
Most micro-organisms have to cope with a range of Abbreviations: AsB, arsenobetaine; BB, y-butyrobetaine; BHI, brain heart infusion; DM, defined medium; DMG, dimethylglycine; DMSA, dimethylsulfonioacetate; DMSP, dimethylsulfoniopropionate; GB, glycine betaine; MOC, methylated onium compound.
abiotic stresses caused by fluctuations in their surroundings. Bacterial cells have developed powerful strategies to proliferate and survive under stressful conditions. Because the osmolarity of the environmental medium is one of the most variable parameters, much attention has been paid in recent years to understanding the mechanisms of bacterial adaptation to increased osmolarity.
One of the most powerful adaptive strategies bacterial cells have evolved to counteract low water activities of IP: 54.70.40.11
On: Wed, 15 May 2019 20:15:50 V. PICHEREAU a n d OTHERS their growth media is the accumulation to high intracellular levels of a set of organic solutes that are synthesized de nouo or actively taken up from the growth medium (Csonka & Hanson, 1991 ; Gutierrez et al., 1995; Csonka & Epstein, 1996) . The exogenous osmoprotectants belong to a few classes of organic compounds that are neutral at physiological pH and compatible with cellular functions (Brown, 1976) . They include imino acids (e.g. proline, ectoine, pipecolate) (Gouesbet et al., 1994; Jebbar et al., 1992 Jebbar et al., , 1997 and amino acid derivatives such as betaines (e.g. glycine betaine, proline betaine, carnitine) or other methylated onium compounds (MOCs, e.g. the sulfonio and arsonio analogues of glycine betaine) (Le Ruddier et al., 1984; Lucht & Bremer, 1994; Pichereau et al., 1997) . Such compounds occur widely in food and natural environments, where they may protect bacterial cells against the deleterious effects of lowered water activity (Anthoni et al., 1991; Kets et al., 1994; Smith, 1996) . In particular, glycine betaine (GB) displays a variety of beneficial physiological effects for salt-stressed cells (Csonka & Epstein, 1996) .
Concomitant with the accumulation of osmoprotectants, salt-stressed bacteria may change their program of gene expression, which is revealed by the induction of stress protein synthesis. Some of these proteins are known to be implicated in osmoadaptation in diverse bacteria. The most studied are the enzymes involved in osmolyte biosynthesis and the membrane osmoporters (Csonka & Hanson, 1991; Lucht & Bremer, 1994; Csonka & Epstein, 1996) . Among NaCl stress proteins, some polypeptides are induced by several stimuli and are usually called general stress proteins (Hecker et al., 1988; Hecker & Volker, 1990; Volker et al., 1992; Flahaut et al., 1996) .
Enterococcus faecalis is a ubiquitous Gram-positive bacterium resident of the human and animal gut. It can also survive in marine or fresh water and in various food products with different water activities (Flahaut et al., 1997; Godfree et al., 1997) . A few studies have reported the accumulation of osmoprotectants in enterococci (yaminobutyric acid, potassium ions and GB) under high osmolarity conditions (Measures, 1975 ; Kunin & Rudy, 1991 ; Peddie et al., 1996) . Hyperosmotic shock increases the maximal temperature at which E. faecalis and other food-poisoning bacteria can grow (Tesone et al., 1981) and the bacterial resistance to thermal challenge (Flahaut et al., 1996) . Osmotic upshock also induces high salt resistance and cross-protection against lethal treatments due to bile salts and ethanol (Flahaut et al., 1996) . These induced tolerances are accompanied by increased synthesis of stress proteins in complex media (Flahaut et al., 1996) .
To our knowledge, only preliminary studies have been devoted to the understanding of the mechanism of osmoregulation in E. faecalis. Moreover, limited attention has been focused on alterations in gene expression in response to osmotic stress with specific osmoprotectants. As polyauxotrophy is one of the physiological traits of E. faecalis, bacterial cultures were grown in complex media. Unfortunately, these media may contain high amounts of osmoprotective compounds that can influence bacterial osmotolerance (Kets et al., 1994; Amezaga et al., 1995) . In this paper, we report on the behaviour of E. faecalis ATCC 19433 in complex and defined media under hypersaline conditions. We have characterized the uptake of several osmoprotectants and their efficiency in growth recovery. In addition, the influence of the most effective osmoprotectant, GB, was studied on both salt-induced crossprotection and stress protein synthesis.
METHODS
Bacterial strain and growth conditions. E. faecalis ATCC 19433 was used in this study. Cells were grown at 37OC without shaking in brain heart infusion (BHI, Difco) or in chemically defined medium (DM) adapted from Kets et al. (1994) 
L-phenylalanine and L-serine. Ten milligrams each of the bases adenine, guanine and uracil was also added. The medium was supplemented with 5 ml 1-1 of the solution of vitamins described by Kets et al. (1994) . Glucose, amino acids and vitamin solutions were filter-sterilized (0.45 pm, Millipore) separately. The osmolarity of the medium was increased by addition of NaCl ; the pH of the culture media was adjusted to 7 with NaOH. Growth was monitored by measuring OD,,,. Protein contents were determined according to the Lowry method using bovine serum albumin as standard. When necessary, osmoprotectants were added to DM at a final concentration of 1 mM. Diverse effects of GB on bacterial stress adaptation by high-voltage paper electrophoresis according to Bernard et al. (1986) . For the 13C-NMR spectral analysis of intracellular osmolytes, the ESF was evaporated to dryness and the dry residue was dissolved in 0 6 ml D,O. Natural-abundance 13C-NMR spectra were recorded in the pulsed Fourier transform mode at an operational frequency of 75.4 MHz as described previously (Pichereau et al., 1998) . Chemicals and radiochemicals. All of the commercial chemicals were purchased from Sigma. Dimethylsulfonioacetate (DMSA) , dimethylsulfoniopropionate (DMSP) and arsenobetaine (AsB) were synthesized as described previously (Pichereau et al., 1997 (Pichereau et al., , 1998 Jebbar et al. (1998) . Uptake and fate of betaines. In the standard uptake assay (200 pl), 54 pM [n~ethyl-~~C]GB (1.85 kBq) was added to exponentially growing cells in DM. A sample of 40 pl was filtered on GF/F membrane every minute, rinsed twice with isotonic DM and the radioactivity trapped on each filter was determined by liquid scintillation counting (Packard Tri-carb 1600TR). The cell density was adjusted to observe a linear incorporation of radioactivity during a 4 min uptake experiment and 14C incorporation less than 5 '/o of the supplied radiocarbon. To determine the kinetic parameters of GB uptake, the concentrations of GB were adjusted from 1 to 500 pM by adding varied amounts of non-radioactive GB. For the induction assay, the cells were grown in DM and then transferred to DM containing 0 5 M NaC1. Uptake experiments were carried out every 30 min for 2 h. An assay with chloramphenicol (100 pg ml-l) added prior to induction was carried out in parallel. For transport competition assays, nonradioactive competitors were added at a 10-fold excess into the standard assay medium (competition 1 : l O ) . The fate of l*C-labelled osmoprotectants was determined as described previously (Pichereau et al., 1998) . Adaptation and challenge conditions. Cultures were grown to an OD,,, of 0 6 in DM and were harvested by centrifugation (3000g, 10 min). Cells were resuspended in DM prior to adaptation treatment. NaCl was added to a final concentration of 0.5 M with or without GB (1 mM) for 1 h. Simultaneously, non-adapted cells were resuspended in fresh DM. After the adaptation period, bacterial cells were pelleted by centrifugation and were challenged with 0-3 '/o (w/v) bile salts (sodium cholate/sodium deoxycholate, 1 : 1) for 30 s (Flahaut et al., 1996) . Viable counts were determined by spreading 1 ml of appropriate dilutions in 0 5 '/o (w/v) glucose M17 agar plates (Difco), followed by incubation at 37 "C for 48 h. Three independent experiments were performed and duplicate platings were carried out for each point. The SD for these experiments did not exceed 9 % of the mean. The ability to enhance the resistance observed for non-adapted cells was expressed as the tolerance factor, i.e. the ratio of the percentage survival of adapted cells to the percentage survival of control cells.
Extraction
Radioactive pulse labelling, protein extraction and twodimensional electrophoresis. Adapted and non-adapted cells were obtained as described above. The composition of the defined medium used in this experiment was the same as described above, except that methionine and cysteine were omitted. A 1 ml sample of bacterial suspension was supplemented with 10 pl (3.7 GBq) [35S]methionine/cysteine Protein Labelling Mix (43.5 TBq mmol-l; NEN). After a 15 min labelling period, 10 pl [35S]methionine/cysteine was added again and then repeated twice each 15 min period. After the labelling period, protein extraction and two-dimensional electrophoresis were performed as described previously (Flahaut et al., 1996) . Equal amounts of radioactivity (approx. lo6 d.p.m.) were loaded onto the gel in the first dimension (Immobiline Dry Strip pH 4-7, Pharmacia). After electrophoresis in the second dimension, using uniform 14% (w/v) SDS-polyacrylamide gel, the gels were dried and exposed to Hyperfilm-MP (Amersham) at -80 "C for 6 d before developing. The spots were quantified by using the program 2-D Analyzer (BioImage, BI Systems), T h e ability to grow in media containing 1.2 M NaCl (6-5 %, w/v) is a major trait that characterizes enterococci (Mundt, 1986). Therefore, the MICs of NaCl in complex (BHI) and defined (DM) media were determined. They were estimated to be 1.4 and 0.8 M NaC1, respectively, for BHI and DM (Fig. 1 ). T o explain these different MICs, intracellular solutes of salt-stressed cells were extracted and analysed by natural-abundance 13C-NMR spectroscopy. The 13C-NMR spectrum from cells grown in BHI revealed the predominance of the peaks attributable to glutamate, aspartate and alanine (Fig.  2a) . In contrast, most of the solutes extracted from saltstressed cells were distributed on the spectrum in three peaks that were all assigned to GB (Fig. 2b) . Among the three amino acids detected in the control (Fig. 2a) , only glutamate was still detectable (Fig. 2b) . Interestingly, spectra obtained from cells cultivated in DM with or without NaCl showed the presence of as yet unidentified peaks, all different from those of GB (data not shown).
RESULTS AND DISCUSSION
Since the complete biosynthesis of GB has not been shown in non-photosynthetic eubacteria and because GB is not accumulated in NaCl-treated cells of E. faecalis grown in DM, we infer that this bacterial species imports and accumulates GB from hyperosmotic BHI broth. These results also demonstrate that previous studies on the NaC1-induced stress response of E. faecalis in BHI (Flahaut et al., 1996) were performed under specific conditions in which the osmoprotectant GB was present in the medium and was readily accumulated by stressed cells (Fig. 2b) . 
GB and its structural analogues, but not other osmoprotectants tested, relieve the in hi bition of growth in E. faecalis by salt
Bacteria were grown in osmoprotectant-free DM with or without 0*75M NaCl. Under hyperosmotic conditions the growth of E. faecalis was greatly reduced (the growth rate, p, decreased from 1.25 h-l in control cells to 0.13 h-l in stressed cells) (Table 1) . Various molecules known to act as osmoprotectants for Escherichia coli and other bacteria, i.e. betaines (quaternary ammonium compounds) and their sulfonio and arsonio analogues, and the imino acids ectoine, proline and pipecolate were assayed. Under our experimental conditions, these compounds had no significant effect on bacterial growth in the defined medium without added NaCl (data not shown).
The addition of 1 mM GB to DM containing 0.75 M NaCl reduced the doubling time of the cells from 7.7 to 1-2 h and increased the growth yield 5.4-fold (Table 1 , Fig. 3 ). Thus, GB was highly osmoprotective for E. faecalis. This result was expected because GB which is taken up from BHI broth allowed bacterial cells to cope with elevated salt concentrations (Fig. 1, Fig. 2b) . A similar growth improvement was observed with other MOCs, i.e. AsB, DMSA, DMSP, y-butyrobetaine (BB) or carnitine (in a non-enantiospecific manner, since L-and D-carnitine equally restored the growth of stressed cells) ( Diverse effects of GB on bacterial stress adaptation by GB and its structural analogues. On the other hand, proline, ectoine and pipecolate did not display any osmoprotective effect for salt-stressed cells. In all, our results demonstrate that in E. faecalis, exogenously supplied compounds ensuring osmoprotection are restricted to the betaines and their analogues. In contrast, most of the bacteria studied so far accept both betaines and imino acids such as proline, pipecolate or ectoine as effective osmoprotectants (Csonka & Hanson, 1991 ;  Gouesbet et al., Gutierrez et al., 1995; Jebbar et al., 1997) .
Accumulation and uptake characteristics of GB and its derivatives
Accumulation characteristics of betaines and their analogues were determined in bacterial cells grown under salt stress (0.5 M NaC1) in the presence of the corresponding radioactive compounds. Accumulation levels of GB, DMSA, DMSP and D-and L-carnitine were roughly equivalent, ranging from 1.3 to 1.5 pmol (mg protein)-'. Moreover, all the radioactivity was recovered in the supplied molecule, indicating that these osmoprotectants are accumulated and not catabolized by E. faecalis. Osmoprotection by carnitine has already been demonstrated in other bacteria including Escherichia coli, Lactobacillus plantarum, Listeria monocytogenes and B. linens (Kets et al., 1994; KO et al., 1994; Verheul et al., 1997; Jebbar et al., 1998) . In the latter species, carnitine acts as an osmoprotectant in an enantiospecific manner. Indeed, D-carnitine is accumulated by osmoregulating cells of B. linens, whereas L-carnitine is transformed into GB (Jebbar et al., 1998) .
We demonstrate here that both D-and L-carnitine were equally osmoprotective in E. faecalis and were accumulated without metabolism into GB. Kinetic parameters of GB uptake by E. faecalis were also examined. Determination of K, revealed the presence of a high affinity uptake activity for GB (K, = 3-3 pM).
The GB uptake velocities of cells cultivated in DM with or without 0.5 M NaCl were substantially different [ 130 and 0.3 nmol min-l (mg protein)-', respectively]. The activity of GB uptake system(s) was stimulated by salt concentration in the growth medium, suggesting saltinduction of the GB uptake system(s) in E. faecalis. The putative salt-induction of GB uptake was determined after transferring the cells from D M lacking NaCl into hypersaline medium (0.5 M NaC1). One hour after the salt shock, GB uptake was enhanced 400-fold (Fig. 4) in cells which were incubated without chloramphenicol, but barely increased in cells that were incubated with chloramphenicol (Fig. 4) .
Competition assays were performed to determine the substrate specificity of GB uptake. As expected, all the GB analogues inhibited [14C]GB uptake. In spite of its weak osmoprotective effect on salt-stressed cultures of E. faecalis, DMG was an inhibitor of GB uptake (52% inhibition of GB uptake when DMG was supplied at a 10-fold excess over radiolabelled GB), Moreover, the other MOCs inhibited GB uptake by 3 0 4 6 % . In contrast, none of the compounds that were not osmoprotective for E. faecalis (pipecolate, ectoine and proline) competed with GB transport.
High-affinity betaine porters occur in a large variety of Gram-positive bacteria. In particular, such activity has been shown in Lactobacillus acidophilus (Hutkins et al., 1987) , Bacillus subtilis (Jebbar et al., 1997) et al., 1994) , Corynebacterium glutamicum (Peter et al., 1996 (Peter et al., ,1997 and L. rnonocytogenes (Patchett et al., 1994; Verheul et al., 1997) . In contrast to the situation observed in Escherichia coli, which transports GB through two general osmoporters (ProU and Prop, both of which accept all of the osmoprotectants assayed so far in this species) (Gouesbet et al., 1994) , the high-affinity GB uptake systems of these Gram-positive bacteria display high structural specificity which, as observed in E. faecalis, do not accept proline or ectoine as substrates.
Influence of GB on salt-induced cross-tolerance in E. faecalis
Salt-induced cross-tolerance to lethal treatments have been characterized in E. faecalis cultivated in BHI rich medium (Flahaut et al., 1996) . The results emphasized the ability of NaC1-stressed bacteria to enhance resistance against challenges such as ethanol, hydrogen peroxide, heat and detergents (SDS and bile salts). The maximal induced resistance (adaptation factor of 500) was observed when cells were subjected to a moderate salt stress (1.2 M NaCl) followed by a lethal treatment with bile salts (0.3 O/ O ,w/v). Because BHI contains GB, the specific effects of this osmoprotectant in tolerance acquisition remained unknown. T o determine whether GB was implicated in this phenomenon, the adaptation pretreatment in this study was achieved in osmoprotectant-free DM with or without added GB and the cells subsequently subjected to the same lethal bile salts treatment. Preincubation of cells in DM containing 0.5 M NaCl (a concentration that moderately reduces bacterial growth) triggered an impressive cross-tolerance against bile salts challenge, with tolerance factors of 4850 and 6800 after 15 and 30 s, respectively (Fig. 5) .
When GB was added to the adaptation medium, cellular survival was only 45-and 10-fold higher than the control after 15 and 30 s, respectively. Similar results were obtained when DMSA was used in place of GB. These results demonstrate that the presence of an osmoprotectant during the adaptation period decreased the ability of E. faecalis to take advantage of a salt constraint and therefore to adapt to lethal challenge. Thus, although GB efficiently protects salt-stressed cells of E. faecalis, the intracellular accumulation of this compound appears to alter the part of the osmoadaptive response that induces cross-tolerance.
Does GB interfere with the synthesis of NaCI-induced stress proteins?
We sought to determine whether GB has an effect on the induction of the stress proteins which are amplified after salt-shock in E. faecalis (Flahaut et al., 1996) . We used two-dimensional electrophoresis to study the protein profiles of E. faecalis cells cultivated in DM with or without 0.5 M NaCl, in the presence or absence of GB. The 0.5 M NaCl upshock induced the synthesis of 13 polypeptides (Fig. 6b) . The relative induction ratios of four of them (spots 1, 2, 4 and 6) increased to at least eightfold higher levels than the corresponding controls (Fig. 6a, b) . The presence of GB decreased production of most of the NaC1-induced stress proteins (Fig. 6c) . This finding suggests that osmoprotectants interfere, directly or indirectly, with the program of gene expression in response to salt stress in E. faecalis. A related observation was reported in salt-stressed animal cells by Petronini et al. (1993) , who demonstrated the inhibition of the synthesis of the heat-shock protein HSP70 by exogenously provided GB. However, the relative rate of synthesis of two salt-induced proteins (spots 6 and 8) remained in the presence of GB. Considering the previous results, these polypeptides should not be sufficient to acquire cross-adaptation. They should be specifically implied in salt-stress adaptation of E. faecalis rather than in general stress protection. Similarly, in S. aureus, whereas the synthesis of 10 proteins increased in response to NaCl stress, the presence of GB during hyperosmotic shock only decreased the production of one of them (Vijaranakul et al., 1997) .
While GB is a beneficial molecule to organisms subjected to hyperosmotic stressful conditions, we show here that it has a negative effect on bacterial stress adaptation. A similar response was recently reported in Salmonella, in which GB reduced high-salinity-dependent cross-protection against heat stress (Fletcher & Csonka, 1998) . Of particular interest is the fact that osmoprotectants occur widely in natural environments (Blunden & Gordon, 1986; Anthoni et al., 1991) . In such media bacterial cells are often subjected to multiple stresses and the presence of GB or other osmoprotectants could prevent the induction of adaptation mechanisms in bacterial cells. Consequently, our results raise questions about the actual beneficial effects of GB and other osmo- 
